ABSTRACT Due to the heterogeneity in raw materials and randomness in manufacturing processes, rubber products, even in the same batch, exhibit a certain fluctuation in their quality characteristics, such as physical size. Such a fluctuation will lead to a reliability fluctuation in their working conditions when putting them into use. Confronted with this problem, this paper develops a new reliability model for the performance degradation of rubber products with quality fluctuation. Furthermore, this paper proposes a quality requirement design method for rubber products based on the reliability constraint to further specify the quality requirement in the manufacturing process and effectively improve the reliability of rubber products. The effectiveness of the proposed reliability model and the quality requirement design method is illustrated using a real case study of rubber sealing O-rings.
I. INTRODUCTION
Due to the characteristics of compressibility, hyperelasticity and so on, rubber has become one of the most versatile materials and is widely used in almost all areas, ranging from simple commercial products to complex aviation and space equipment [1] . During the process of storage and application, the mechanical performance and physicochemical property of rubber material degrades over time, which is a primary failure cause of rubber products, and this degradation influences the reliability and lifetime of such products [2] . Considering the existence of raw material heterogeneity and manufacturing process randomness, the quality characteristics of rubber products often exhibit some fluctuation, e.g., physical size [3] . And this leads to the fluctuation in the compression amount as well as the working mechanical stress when put into use. Such a fluctuation influences the reliability assessment. Confronted with this situation, this paper intends to develop a new reliability model for the degradation process of rubber products with fluctuation in the quality characteristics and further proposes a novel quality requirement design method for rubber products based on the reliability constraint.
For the quality evaluation of rubber, nuclear magnetic resonance spectroscopy was used for the quality control of raw rubber, based on samples drawn from different types or different lots of styrene-butadiene rubber [4] . To evaluate the quality of industrial batch rubber mixing process, a new soft sensing method was proposed in [5] to predict the Mooney viscosity, based on Gaussian process regression models. The quality improvement of natural rubber by different drying methods was verified and compared in [6] , with a measurement of oxidative resistance of the rubber, i.e., Plasticity Retention Index. Pulse transmission method, coupled with ultrasound waves, can be used for determining the content of carbon black and other fillers in an NR compound [7] . Although these studies are all dedicated to rubber quality control during manufacturing process, the performance of rubber will degrade over time after being put into use, which makes its reliability decline over time, too. Therefore, it is worthy of study to design a quantitative quality requirement based on the reliability constraint, and to treat it as an input and target for quality control.
Since reliability tests of products with high reliability and long life often fail to generate sufficient lifetime data, analysis of the degradation data has become an alternative approach to evaluate product's reliability. Such analysis assumes that the degradation of a product quality characteristic is related to its reliability, such as the aging of rubber products and the growth of fatigue cracks. A summary of the state of the art in the field of degradation modeling is provided in [8] , including stochastic process models and the general path model as well as some of the applications in gears and lithium-ion batteries. In [9] , various degradation models and remaining useful life estimation methods are reviewed, with emphasis on system heterogeneity, including the unit-to-unit variability, the variability in time-varying operating conditions and the diversity of tasks and workloads of a system during its lifetime. In summary, typical degradation models, including the general degradation path model [10] and stochastic process models [11] - [16] , have been well established recently and widely applied, e.g., a model epoxy coating system [17] , magnetic heads used in hard disk drives [18] , corrosion growth in energy pipelines [19] , and rubber materials for refrigerator components [20] .
During the entire lifetime of a rubber product, the main factors that impact its degradation process are temperature, humidity, mechanical pressure, ionizing radiation and so on [21] , where mechanical pressure is a factor related to the quality of the product and can be manually controlled. Reference [22] concluded that the compression ratio and media pressure of O-rings have a great influence on the maximum contact/sheer stress, and hence, on the sealing reliability. In [23] , two-stage esterification experiments were conducted for rubber seed-methyl ester; different compression ratios were found to lead to different engine performances of both biodiesel and diesel engines. Based on the artificial neural network, an improved radial basis function is established in [24] to predict the stress relaxation property of diene rubber composites, and analytical sensitivity analysis indicates that the compression ratio is the most important factor affecting the stress relaxation response. In [25] , applied compressive pressure was found to have a significant effect on the electrical conductivity and dynamic mechanical properties of elastomeric composites. Furthermore, the quality characteristics of a rubber product, including its physical size, such as its initial axial section diameters, will have a certain effect on its compression ratio or contact pressure when put into use and will thus influence product reliability.
Recently, various types of accelerated degradation tests (ADTs) have been designed for degradation analysis, modeling and lifetime prediction of rubber products. Two empirical methods are derived in [26] for estimating the equilibrium sealing force and the equilibrium compression set for O-rings, the combination of which is adopted to make lifetime predictions on the aging temperature. Through a compression set test for rubber specimens at a temperature ranging from 70 • C to 100 • C, several useful life prediction equations were proposed [27] . Based on an accelerated aging test of polyacrylate rubber gasket, three regression models were compared for fitting the experimental data and obtaining the best model to predict the quantitative long-term lifetimes [28] . In [29] , a new step-down-stress accelerated aging test of silicone rubber was developed, and a segmented nonlinear Arrhenius model was employed for lifetime prediction. Considering multiple degradation measures of a compression set, compression stress relaxation, and multiple accelerated stresses of temperature and humidity, optimal design methods were developed for both constant stress [30] and step-stress accelerated degradation tests [31] .
Although many studies have been devoted to the degradation modeling of rubber products, most of them are focused on the degradation path fitting without random effects, and thus can only predict the lifetime determinately and cannot assess the probability of a rubber product failing at any given time, i.e., its reliability. Furthermore, few of these studies have considered the fluctuation in the quality characteristics, such as rubber product sizes, which is caused by the heterogeneity in raw materials and randomness in manufacturing processes and will certainly affect the reliability assessment as well as the lifetime prediction models. Confronted with this challenge, a quality requirement design method for rubber products is developed with the reliability constraint. The framework of the design method is as follows.
1) Develop a new accelerated degradation model with temperature-humidity-mechanical stress covariates, i.e., BAZ-Peck acceleration model;
2) Based on a temperature-humidity ADT for rubber sealing O-rings and the proposed degradation model, estimate the unknown model parameters;
3) Considering the fluctuation in the axial thickness of rubber sealing O-rings, develop the reliability model for the population of products with quality fluctuation; 4) Based on the estimated model parameters and reliability model for the population, design a quantitative quality requirement with the reliability constraint.
The remainder of this paper is organized as follows. Section II presents the degradation model for an individual product with constant quality characteristics. The relevant parameter estimation method is developed in Section III. In Section IV, a reliability model is proposed that considers the fluctuation in the quality characteristics. And a quality requirement design method based on the reliability model is developed in Section V. A real case study of rubber sealing O-rings is provided in Section VI. Finally, some conclusions are provided in Section VII.
II. ACCELERATED DEGRADATION MODEL
For an individual rubber sealing O-ring, its initial axial section diameter is a fixed and measurable value; as a result, it experiences a constant compression amount as well as mechanical pressure. This section presents an accelerated degradation model for rubber sealing O-rings, along with the reliability assessment results for an individual rubber sealing O-ring as part of a large system.
In this paper, a nonlinear general path model [32] is adopted for degradation analysis of rubber sealing O-rings. The degradation model with random effects and multiple covariates is expressed as:
where X (t) is the degradation performance of rubber sealing O-rings at time t. (t) is the time-dependent function of the degradation path. λ ∼ N (µ λ , σ 2 λ ) is the random effect parameter representing the unobservable endogenous factors of samples. γ is the covariate parameter representing the influence of environmental stress factors on the degradation rate. ε ∼ N (0, σ 2 ε ) is the model error term. Temperature, humidity and mechanical stress/compression amount are three explanatory variables affecting the degradation process of rubber sealing O-rings. Therefore, by combining two traditional and popular acceleration models, the Boltzmann Arrhenius Zhurkov (BAZ) model [33] and the Peck model [34] , this paper proposes a BAZ-Peck acceleration model as follows:
where γ is the covariate parameter. RH is the relative humidity, and T is the absolute temperature. H = H 0 − h is the initial compression amount, where H 0 is the initial axial section diameter, and h is the limiter height. K is the Boltzmann constant. m, η and U are undetermined constants. It can be seen that the proposed BAZ-Peck acceleration model is an extension of both the BAZ model and the Peck model. When the model parameter m = 0, the BAZ-Peck model becomes the traditional BAZ model, which characterizes the acceleration effects of temperature and mechanical stress. When the model parameter η = 0, the BAZ-Peck model becomes the widely used Peck model, which characterizes the acceleration effect of temperature and humidity.
Supposing λ, ε are independent normally distributed variables, it can be derived that X (t) also follows a normal distribution with mean µ λ (RH ) m exp(
For an individual rubber sealing O-ring functioning as part of a large system under temperature T ind and relative humidity RH ind , considering its initial axial section diameter is a fixed measurement H ind 0 , the corresponding covariate parameter can be expressed as
Therefore, coupled with the threshold level for the degradation process D, its reliability at time t is derived as
where (·) is the cumulative distribution function (CDF) of the standard normal distribution.
III. PARAMETER ESTIMATION
Based on the test data of temperature-humidity ADTs, the unknown model parameters are estimated through curve fitting and the maximum likelihood estimation (MLE) method. According to Eqs. (1) and (2), the probability density function (PDF) of X (t) can be derived by
Suppose that a constant temperature-humidity ADT with N accelerated stresses is conducted. Let x i,j,n , i = 1, 2, . . . , I n ; j = 1, 2, . . . , J n , n = 1, 2, . . . , N denote the jth degradation measurement of the ith sample under the nth accelerated stress (T n , RH n ); t i,j,n be the measurement time of x i,j,n ; and H i,n = H i,n − h denote the initial compression amount of the ith sample under the nth accelerated stress.
To estimate the unknown parameters in the degradation model, it is essential to first determine the form of the time-dependent function (t). In the case that prior knowledge or the degradation physics of products is known, the form of (t) can be obtained easily. However, in many cases, physics analysis of the failure of products is too difficult to implement. Then, a statistical method for the nonlinear function form determination can be used.
Based on the distribution of X (t), the mean degradation process under accelerated stress (T n , RH n ) is derived to be:
Therefore, by averaging the degradation measurements of all samples under each accelerated stress and then fitting the average test data with possible time-dependent forms, such as the linear function, binomial function, power law function and exponential function, the form of (t) can be determined through the best fitting [35] , with indicators such as the residual sum of squares (RSS) or the correlation coefficient R 2 .
After determining the form of (t), the unknown parameters in (t) can be denoted by θ . For example, the linear form of (t) = at + b corresponds to θ = {a, b}. Therefore, the total set of model parameters = {µ λ , σ λ , σ ε , m, U , η, θ } can be estimated through the MLE method. The maximum likelihood function synthesizing the VOLUME 6, 2018 degradation data of all samples under all stresses is
Where
Based on this function, the logarithm of the maximum likelihood function can be expressed as
Then, the MLEs of parameters = {µ λ , σ λ , σ ε , m, U , η, θ } can be obtained by maximizing the logarithm of the maximum likelihood function, which can be achieved through an intelligent optimization method, e.g., genetic algorithm (GA) [28] .
IV. RELIABILITY ASSESSMENT FOR THE POPULATION WITH QUALITY FLUCTUATION
For an individual rubber sealing O-ring as part of a large system and with measurable constant H 0 , its reliability should be evaluated using Eq. (4). However, for the population of rubber sealing O-rings, randomness in the manufacturing processes causes some fluctuation in their initial axial section diameters; H 0 is a random variable in this case. For simplicity, H 0 is assumed to follow a normal distribution in this paper. Under this condition, the reliability assessment of the population of rubber sealing O-rings should be obtained through the following derivation. Suppose that the initial axial section diameter of the population is a normally distributed variable, namely, H pop 0 ∼ N (µ 0 , σ 2 0 ), which is a common assumption for the randomness in manufacturing processes and heterogeneity in quality characteristics. Thus, it can be derived that the initial compression amount also follows a normal distribu-
. Therefore, the covariate parameter γ is derived to follow a lognormal distribution as
As a result, the degradation model in Eq. (1) in Section III becomes
Based on this model, along with Eq. (6), the reliability for the population, using the numerical double integration method [37] , can be obtained as follows:
where F ε (u) and f ε (u) are the CDF and PDF of ε, respectively. F γ (u) and f γ (u) are the CDF and PDF of γ pop , respectively. F −1 ε (u) and F −1 γ (u) are the inverse functions of F ε (u) and F γ (u), respectively. N ε and N γ are numbers of segmentation in numerical integrations
After obtaining the reliability for the population of rubber sealing O-rings, other reliability indexes, such as the mean time to failure (MTTF) and lifetime under given reliability t R * , can also be respectively derived by the following equations:
and
V. QUALITY REQUIREMENT DESIGN BASED ON THE RELIABILITY CONSTRAINT
Furthermore, the randomness in the manufacturing processes is often characterized by the precision and accuracy of the process [36] . Accuracy is defined as the closeness of the measured quality characteristic to a reference value, and precision is defined as the repeatability or reproducibility of the quality characteristic measurement. Under the assumption that a quality characteristic follows a normal distribution, the precision and accuracy of the manufacturing process can be approximated by the mean parameter and standard deviation parameter, respectively. Therefore, aiming at a targeted reliability level of the population, we can design the quality characteristic requirements of a manufactured product, thus leading to the requirements on precision and accuracy for the manufacturing process; this approach can help to guide the improvement of manufacturing machines and technologies. In general, rubber products often exhibit fluctuation in their quality characteristics due to the randomness in the manufacturing processes, which is characterized by the precision and accuracy of the process. For the population of rubber sealing O-rings, since their initial axial section diameters H 0 follow a normal distribution N (µ 0 , σ 2 0 ), the precision and accuracy of the manufacturing process can be approximated by the mean parameter and the standard deviation parameter, respectively.
Therefore, based on the given reliability constraint of the population (here, we take the reliability at time t 0 , R * (t 0 ), as an example for illustration), we can design the requirements for the distribution parameters of the initial axial section diameters; thus, the requirements on precision and accuracy of the manufacturing process can be determined. From engineering experience or the initial tolerance of the quality characteristics, proper ranges for the designed distribution parameters µ 0 , σ 0 can be determined in advance and denoted by [ 
, respectively. Thus, the quality requirement design algorithm is as follows.
1) Take a positive integer M and two sequences Due to the randomness in the manufacturing process, overall, the 20 samples share fluctuation in the axial thickness, leading to the fluctuation in both the amount of compression and the degradation rate. Therefore, we first measure the initial axial section diameters H 0 of the 20 samples, as listed in TABLE 1.
For the test of normality, the Shapiro-Wilk test [39] in TABLE 2 indicates that under confidence level of 0.05, it can be assumed that H 0 follows a normal distribution. The MLEs of the mean and standard deviation of the normal distribution are 2.5219 and 0.0331, respectively.
For rubber sealing O-rings, the major failure mechanism is the decrease in the stuffing surplus quantity caused by the compression set. Therefore, we adopt the compression set rate of a sample to characterize its sealing performance. When the compression set rate exceeds a fixed threshold level of 55%, a rubber sealing O-ring is declared a failure. The test results under 4 constant accelerated stresses are shown in Fig. 1 , where the compression set rate is denoted as follows:
where CS(t) is the compression set rate at time t, H 0 is the initial axial section diameter, H (t) is the measurement of the axial section diameter of the sample after recovery, and h is the height of the fixture limiter. 
B. RELIABILITY ASSESSMENT FOR AN INDIVIDUAL RUBBER SEALING O-RING
Based on Sections II and VI-A, a degradation model can be developed for the degradation of a compression set as follows:
where (t) is the time-dependent function, Fig. 1 , a nonlinear pattern is observed; therefore, the form of (t) should be determined through best fitting for the average test data of the compression set, as shown in TABLE 3 and Fig. 2 . Indicators RSS and R 2 both illustrate that a power function y = βx α provides the best fit for the test data. Therefore, the degradation model becomes
where λ ∼ N (µ λ , σ 2 λ ) and µ λ = βµ λ . After determining the power form of (t),the MLE method in Section III can be utilized to estimate the unknown model parameters = {µ λ , σ λ , σ ε , m, U , η, α}. The estimation results are listed in TABLE 4.
Based on the parameter estimation results, the degradation model (16), along with the reliability assessment Eq. (4), can evaluate the reliability over time for individual rubber sealing O-rings with different initial axial section diameters; the results are shown in Fig. 3 . Fig. 3 shows that the reliability of an individual rubber sealing O-ring decreases over time. In the first year, its reliability remains at a relatively high level and then suffers a sharp decline until the fourth year, when the O-ring can no longer maintain a good restoration-from-compression property and shows a rather low reliability level. Furthermore, the reliability assessment results show remarkable sensitivity on the initial axial section diameter H 0 . A higher H 0 leads to higher mechanical pressure applied on the O-ring, eventually leading to lower reliability.
C. RELIABILITY ASSESSMENT AND QUALITY REQUIREMENTS FOR THE POPULATION
From Section VI-A, the Shapiro-Wilk test of normality proves that H 0 of the O-ring population follows a normal distribution N (2.5219, 0.0331 2 ); therefore, based on Eq. (11), the reliability of the population is evaluated as in Fig. 4 .
Furthermore, it can be calculated that the reliability for the population at 1 year is R(2) = 0.9113. However, what if the users of the O-rings have a higher reliability requirement for the population, e.g., R * (2) = 0.92? To satisfy this reliability constraint, we should design a requirement for the quality characteristic of the O-rings and make innovations and improvement in the manufacturing processes to meet the quality requirement.
Targeted at a given reliability index level R * (2) = 0.92 and based on an initial range for the designed distribution parameters, i.e., µ 0 ∈ [2.45, 2.55], σ 0 ∈ [0, 0.04], the requirement for the initial axial section diameter H 0 can be determined through the design algorithm in Section V. Therefore, combining their initial setting range and the requirement obtained by inequality (18) , the final requirement for µ 0 , σ 0 is determined as follows:
For example, if µ 0 is fixed to 2.5219, then, to achieve the targeted reliability level R * (2) = 0.92, σ 0 should be improved to be no greater than 0.01161, which is obtained by substituting µ 0 = 2.5219 into the inequality in (19) and solving it. If σ 0 is fixed to 0.0331, then, to achieve the targeted reliability level R * (2) = 0.92, µ 0 should be improved to be in the range [2.45, 2.5008], which is obtained by substituting σ 0 = 0.0331 into the inequality in (19) and solving it.
To satisfy the requirement for µ 0 , σ 0 , the manufacturers should work on improving the precision and accuracy of the manufacturing process. The precision of the process is affected by accidental errors and can be increased by enhancing the manufacturing machines to improve their ability of resisting environmental effects, such as vibration. The accuracy of the process is affected by systematical errors and can be increased by implementing optimization loops during the rapid product development process.
For the application of the proposed quality requirement design method, although it is implemented by a case study of rubber sealing O-rings, it can also be applied to other rubber products like rubber sealing strips, and even to other products like springs, as long as their quality characteristics have great influence on the working mechanical stress. If the quality characteristic fluctuation of a product leads to the working mechanical stress fluctuation, the proposed quality requirement method can be directly applied to it. In addition, if the quality characteristic fluctuation of a product leads to the fluctuation of other kinds of working stresses, e.g., thermal stress, then the proposed quality requirement framework can also be applied to it, with the need to develop some new accelerated models.
VII. CONCLUSION
Considering the fluctuation in the quality characteristics of rubber products, this paper presents a new accelerated degradation model. Based on a new BAZ-Peck acceleration model, reliability assessment of an individual product with a determinate quality characteristic, is obtained, along with a maximum likelihood parameter estimation method. Furthermore, for the population of rubber products with quality fluctuation, the corresponding reliability assessment result is derived, and the quality characteristic requirement of the population is designed based on reliability constraint. A real case study of rubber sealing O-rings indicates that the reliability of an individual rubber sealing O-ring shows remarkable sensitivity on its initial axial section diameter H 0 . In addition, the requirement for the distribution parameters of H 0 of the population is designed under the constraint of targeted reliability level, which can help direct the improvement of the precision and accuracy of the manufacturing process of rubber sealing O-rings.
For further investigation of this work, the case of more than one random variable affecting the rubber product reliability can be studied. Another valuable direction is to develop the confidence intervals of the reliability for the population of rubber products with quality fluctuation. In addition, cost function and economic analysis can also be considered together with the requirement design of the quality characteristics.
